The salicylic acid (SA) signaling pathway plays an important role in the defense responses against pathogens in plants. In Arabidopsis, the transcriptional co-activator, NPR1, plays a central role in the SA pathway.
The salicylic acid (SA) signaling pathway plays an important role in the defense responses against pathogens in plants. In Arabidopsis, the transcriptional co-activator, NPR1, plays a central role in the SA pathway. 1 In rice, the transcription factor, WRKY45 and OsNPR1 play a crucial role in the branched SA pathway. 2, 3 Arabidopsis NPR1 is degraded by the ubiquitin proteasome system (UPS) and a dual role is proposed for this regulation: prevention of unnecessary defense activation (negative role) and promotion of transcriptional activity upon reception of the SA signal (positive role). 4 In rice, UPS-mediated degradation was not observed with OsNPR1, however, it was observed with WRKY45. 5 In addition, our previous data suggested a dual role for UPS-mediated degradation of WRKY45 similar to that for Arabidopsis NPR1. 5 In Arabidopsis, phosphorylation of NPR1 facilitates its recruitment to UPS, thereby playing a critical role in the positive role. 4 In rice, phosphorylated WRKY45 has been detected. 5 However, its relevance to the regulation of WRKY45 is unknown. Phosphorylation of WRKY family proteins by mitogen activated protein kinase (MAPK) family proteins is known in Arabidopsis and tobacco. 6 Here, we present data suggesting that SA-dependent phosphorylation by MAPK plays a role in the activation of WRKY45, and show that two MAPKs, OsMPK4 and OsMPK6, phosphorylate WRKY45 in vitro.
To test the possible involvement of MAPKs in the activation of WRKY45, we treated cultured rice cells (Oc cells) with U0126, an inhibitor of MAPK kinase (MAPKK) and staurosporine, a protein kinase inhibitor. The SA-activated WRKY45 WRKY45 transcription factor is a central regulator of disease resistance mediated by the salicylic acid (SA) signaling pathway in rice. SA-activated WRKY45 protein induces the accumulation of its own mRNA. However, the mechanism underlying this regulation is still unknown. Here, we report three lines of evidence showing that a mitogen-activated protein kinase (MAPK) cascade is involved in this regulation. An inhibitor of MAPK kinase (MAPKK) suppressed the increase in WRKY45 transcript level in response to SA. Two MAPKs, OsMPK4 and OsMPK6, phosphorylated WRKY45 protein in vitro. The activity of OsMPK6 was rapidly upregulated by SA treatment in rice cells. These results suggest that WRKY45 is regulated by MAPK-dependent phosphorylation in the SA pathway. protein is known to induce the transcripts for WRKY45 itself by autoregulation. 5 As expected, WRKY45 transcripts rapidly increased after SA-treatment of the cells in the absence of the inhibitors (Fig. 1) . However, U0126 and staurosporine suppressed the transcriptional upregulation in response to SA (Fig.  1) , suggesting the involvement of a MAPK(s) in the activation of WRKY45. MAPKs prefer Ser/Thr-Pro signatures as target sites and WRKY45 has three of them at positions 6, 37 and 266. Thus, we examined in vitro the direct phosphorylation of recombinant WRKY45 protein, amino-terminally fused with maltose binding protein (MaBP-WRKY45), by OsMPK4 and OsMPK6, aminoterminally fused with glutathione S-transferase (GST-MPK4 and GST-MPK6). For the in vitro activation of GST-MPKs, we tested several GST-tagged MAPKKs in their active form: OsMKK1, OsMKK3, OsMKK4, OsMKK6 and OsMKK10-2 (GST-MKK1DD, GST-MKK3DD, GST-MKK4DD, GST-MKK6DD and GST-MKK10-2D). Activity assays of phosphorylation of the conventional substrate, myelin basic protein (MyBP), revealed that GST-MPK4 and GST-MPK6 were selectively activated by these MAPKKs (Fig. 2B) . GST-MPK4 was activated by GST-MKK6DD, and GST-MPK6 by GST-MKK4DD and GST-MKK10-2D. GST-MKK1DD activated both MPKs (Fig. 2B) . All the activated GST-MPKs, except for the GST-MPK6 activated by GST-MKK1DD, clearly phosphorylated MaBP-WRKY45 (Fig. 2C) . Thus, we concluded that both OsMPK4 and OsMPK6 directly phosphorylate WRKY45 protein in vitro.
MAP kinases phosphorylate rice WRKY45
Given that the in vitro assay using MyBP as a substrate can monitor the MAPK activity of phosphorylating WRKY45 (Fig.  2B and C) , we performed an in-gel kinase assay using MyBP as a substrate, 7 to examine whether SA activates OsMPKs in vivo. Low basal activities were observed in the extract of wild-type (WT) calli and the activity was rapidly and strongly induced by SA (Fig. 3) . In contrast, such activity was not detected in the extract of osmpk6 mutant calli. These results indicate that the induced MyBP phosphorylation activity in the SA-treated WT rice callus is due to OsMPK6. The WRKY45 transcripts were induced by SA in the osmpk6 mutant calli to a level comparable with that in WT calli (data not shown). This is presumably due to functional redundancy of OsMPK6 in this regulation, as GST-MPK4, as well as GST-MPK6, phosphorylated MaBP-WRKY45 in vitro (Fig. 2C) . In addition, MPK3 and MPK6 are known to play redundant roles in Arabidopsis. 6, 8, 9 A faster migrating band was detected in the extract of the osmpk6 mutant (Fig. 3) . This activity may be due to OsMPK3 and/or OsMPK4 and compensated for the lack of OsMPK6 in the osmpk6 mutant.
Collectively, our data support a model in which SA activates OsMPK6 and then the activated OsMPK6 directly phosphorylates WRKY45 protein, which is required for its activation. However, it remains unclear how the phosphorylation is involved in the regulation of WRKY45 activity. One possibility is that the SA-dependent phosphorylation modulates the recruitment of WRKY45 protein to UPS-mediated degradation, which is required for its full activation, as reported for Arabidopsis NPR1. 4 To test this hypothesis, we replaced serine residues at putative phosphorylation sites of WRKY45 with alanine residues and expressed the mutant form in transgenic rice plants. The estimated molecular weight of the mutant WRKY45 proteins in the transgenic lines was unexpectedly small (data not shown), suggesting they were proteolyzed. However, it is unclear whether the proteolysis is related to UPS degradation. Identification of the WRKY45 phosphorylation sites and their extensive mutation study in transgenic plants would provide more information.
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